Abstract: This research aims to examine the effect of phenolics on pea aphid (Acyrthosiphon pisum) (Homoptera: Aphididae) development and feeding behaviour, on leaves of selected low-saponin lines of Radius alfalfa (Medicago sativa). There was a slight, negative correlation (Spearman rank correlation rs = −0.80) between concentrations of saponins and phenols. Lines with higher concentrations of saponins had less phenolics. Levels of phenolics in low-saponin lines of alfalfa cv. Radius were related to their acceptance by the pea aphid. Our data revealed an inverse relationship between level of phenolics and the aphid abundance and its biology on studied alfalfa lines. Larval development of the pea aphid was longer, reproduction period was shorter, and the fecundity was lower on low-saponin lines with higher level of phenolics. There were observed some tendencies in the pea aphid feeding behaviour on these lines: prolonging the probing of the peripheral tissues (epidermis and mesophyll) and shortening the period of phloem sap ingestion. The better hosts for the pea aphid were low-saponin lines with low levels of phenolic compounds.
Introduction
Secondary plant metabolites are involved in plantherbivorous insect chemical interactions, and are important factors of plant acceptance/resistance towards various species of aphids (Oleszek et al. 1992; Cambier et al. 2000; Awmack & Leather 2002; Leszczyński et al. 2003; Ridstill-Smith et al. 2004; Urbanska et al. 2004) . Preliminary studies on biochemical basis of the alfalfaherbivorous insect relations demonstrated the presence of potent feeding deterrents within the host-plant tissues Go lawska 2007) . Further studies showed a clear negative influence of the alfalfa secondary plant metabolites, so-called plant allelochemicals, on the associated herbivores (Nozzolillo et al. 1997; Matsuda et al. 1998; Oleszek et al. 1999; Adel et al. 2000; Go lawska 2006) . They seriously affected the aphid behaviour, physiology and its metabolism, and as a result clearly reduced the aphid populations (Delalonde et al. 1996; Rice et al. 1998; Ayaz et al. 2000; Ali & Abbas 2003) .
Among the alfalfa secondary metabolites, phenolics compounds and saponins were reported to be significant compounds in its defence to various pathogens (Oleszek et al. 1992; Oleszek 1999; Stochmal et al. 2001a, b; Agrell et al. 2003; Go lawska et al. 2005 Go lawska et al. , 2006 Go lawska et al. , 2008 Pecetti et al. 2006; Go lawska 2007) . They are used as defences by plants and can be expected to influence herbivore feeding behaviour. There is not much information on relations of the phenolics and saponins, and their simultaneously consumption. Little is also known about their possible synergistic effect within the alfalfa tissues similar to that reported for other resistant plants towards herbivorous pests (Kain & Biggs 1980; Berenbaum 1985; Leszczynski et al. 1989) . Thus it seems quite important to take a close look on chemical interactions between the alfalfa phenolics and saponins and their possible synergistic influence on the alfalfa herbivores.
The present paper reports for the first time on the effects of low-saponin alfalfa lines with different levels of phenolic compounds on pea aphid performance. Influence of the levels of saponins and phenolics on some population parameters (pre-reproductive, reproduction, post-reproduction periods, fecundity, survival, net reproductive rate, mean generation time, intrinsic rate of natural increase) and on the pea aphid feeding behaviour was estimated.
Material and methods

Plant material
Five lines of the low-saponins alfalfa cv. Radius (Medicago sativa L.) with known saponin concentrations (line 1 -0.24% dry matter; line 2 -0.25%; line 3 -0.35%; line 4 -0.42%; line 5 -0.65%) were selected for the study. Seed samples were obtained from the Plant Breeding and Acclimatization Institute (IHAR) in Radzików/B lonie (near Warsaw, Poland). Seed samples were germinated in a climatic chamber, which was kept at 20-25 were grown in a standardised soil mixture, in 7 × 7 × 9 cm plastic pots, one plant per pot. The plants were regularly watered and no extra fertiliser was added.
Aphids
The pea aphid, Acyrthosiphon pisum (Harris, 1776) apterous females used in the experiments came from a stock culture kept at the University of Podlasie at Siedlce, Poland. The aphids were collected from a laboratory culture reared on broad been seedlings (Vicia faba L. var. Start), in an environmental chamber (21 ± 1 • C, L16 : D8 photoperiod, and 70% relative humidity). Before the experiments females of A. pisum were transferred to the lines of alfalfa for duration of one full generation period (Apablaza & Robinson 1967) . The aphids used in the experiment came from a single, apterous female collected from the studied lines of alfalfa.
Performance tests
The entomological observations were carried out in an environmental chamber at L16 : D8 photoperiod, 21 ± 1
• C, and 70% relative humidity. Plexiglass cages with a cheesecloth cover were used. The adult apterous females were caged individually on the abaxial side of the youngest, fully expanded leaves of the low-saponin lines of alfalfa, and allowed to deposit nymphs. After 24 h, one nymph remained on each single plant, once other offspring and the adult were removed. We conducted 10 independent replicates for each 6-month-old plant of the studied alfalfa lines. The population dynamics of the pea aphid on the studied lines of alfalfa were monitored. The number of aphids was counted on 10 plants of each line and the mean number of aphids per plant was calculated. Larval development time (pre-reproductive period), reproduction, and post-reproduction periods were determined (Leszczynski et al. 1989) . Influence of the studied lines on development of the pea aphid population was calculated as net reproductive rate (Ro) and mean generation time (T ) using Birch (1948) equations:
where lx -age specific survival; mx -adult fecundity during age x; x -age of female. In addition, an intrinsic rate of natural increase of the A. pisum population was calculated according to Wyatt & White (1977) 
where: d -length of the pre-reproduction period; Md -number of larvae born in the reproduction period which equals the d period; 0.74 -correction factor.
Electrical Penetration Graphs
Feeding behaviour of the pea aphid on the studied lines of the alfalfa, Radius cv. was monitored using the Electrical Penetration Graphs (EPG) technique according to Tjallingii (1988 Tjallingii ( , 1990 . The experiments were run for 8 h for 10 aphids, on 10 different plants placed in a Faraday cage. Apterous adult aphids were connected to a DC EPG amplifier (type Giga 4) by 2 cm gold wire, 20 µm in diameter, and approximately 2-3 cm long, and attached to the aphid with silver conductive paint (Demetron, L2027, Dermstadt, Germany).
Another electrode was introduced into the soil. The studied insects were starved in a Petri dish for one hour before the recordings and then were placed on the abaxial surface of the youngest, fully expanded leaves of the plants. The aphid feeding activity was recorded by acquisition to a PC and analysed using STYLET 2.2 software (Agricultural University, Wageningen, The Netherlands). The duration and number of the following behavioural aphid activities were determined: non-probing (Np pattern; aphids did not start probing), probing (intercellular stylet penetration activities; path C pattern -pathway; penetration of peripheral tissues -epidermis and mesophyll), sieve element penetration (E1 pattern), ingestion of phloem sap (E2 pattern -aphid feeding), and xylem sap ingestion (G pattern).
Phenolics assays
The plant material was collected for the chemical analyses from the 6-month-old plants. For each alfalfa line, 10 plants were harvested and freeze-dried. The alfalfa phenolics soluble in alcohol were extracted and clarified according to the method given by Guenzi & McCalla (1966) . The content of total free phenols was determined using the method of Singh et al. (1978) and o-dihydroxyphenols was measured using Arnov's method after Leszczyński (1996) . All the chemical analyses were repeated three times.
Statistics
The differences in levels of the phenolic compounds and pea aphid performance (population development and feeding behaviour) on the studied lines of alfalfa were subjected to one-way ANOVA followed by the post-hoc Newman-Keuls test. Influence of the low-saponin alfalfa lines with different levels of phenolic compounds on the population parameters and feeding activities of pea aphid was analysed by using the multiple regression method with a stepwise selection of variables (Sokal & Rohlf 2001) . In these models, the dependent variables were the population parameters and parameters of the aphid feeding activities and independent variables were total free phenols and o-dihydroxyphenol contents. The statistic parameters were calculated with the Statistica program for Windows v. 6.0 (StatSoft 2003) .
Results
Variation in content of the phenolics among the studied low-saponin alfalfa lines The experiments showed that among the low-saponin alfalfa lines, concentrations of the total phenolics and o-dihydroxyphenols soluble in alcohol varied. Lines 1 and 2 were rich in total phenols, while lines 3, 4 and 5 showed lower amounts of these allelochemicals (Table 1). When o-dihydroxyphenols were studied, the highest level of this phenolic fraction was noted in lines 1 and 5 (Table 1) .
Pea aphid performance on the low-saponin lines of alfalfa varied in phenolics content There were clear differences in abundance of the pea aphid on the studied low-saponin alfalfa lines. The highest number of the pea aphid was found on low-phenolics line number 3 and the lowest aphid performance on plants of the high-phenolics line 1 (20 aphids/plant). Line 5
Total phenols 9.9 a ± 0.10 8.0 b ± 1.00 4.3 c ± 0.10 2.8 d ± 1.00 1.3 e ± 0.10 o-dihydroxyphenols 0.6 b ± 0.10 0.1 d ± 1.00 0.4 c ± 0.10 0.3 c ± 0.10 0.9 a ± 1.00
Explanations: For each group of mean values (n = 3), means followed by different letters are different at P ≤ 0.05 (Newman-Keuls test). Line 5 Explanations: For each group of mean values (n = 10), means followed by different letters are different at P ≤ 0.05 (Newman-Keuls test). The other studied lines of the alfalfa showed a moderate acceptance by the pea aphid (Fig. 1) . Generally, the low-saponin lines of the alfalfa Radius cv. with higher levels of the phenolics were less accepted by the pea aphid. This resulted from their negative influence on the growth, development and reproduction of the pea aphid. Larval development of the pea aphid was longer, reproduction period was shorter, and the fecundity was lower on the high phenolic lines (Table 2) .
Moreover, reduction of values of the aphid intrinsic rate of natural increase (r m ), net reproduction (R o ), and prolonged generation development time (T) on the high-phenolics lines was observed (Table 3) .
Pea aphid feeding behaviour on the low-saponin lines varied in phenolics content There were some tendencies in the pea aphid feeding behaviour on the low-saponin lines of alfalfa with varied phenolic concentrations. Probing of the epidermis and mesophyll tissues by the pea aphid was longer, phloem sap ingestion was shorter on the high-phenolic lines (lines 1 and 2), but statistically significant differences were not found (Table 4) . A negative correlation between the level of saponins and content of the total phenolics extracted from the studied alfalfa lines was found (Spearman Rank Correlation r s = −0.80; P < 0.001; n = 15). Statistical Line 5 Explanations: For each group of mean values (n = 10), means followed by different letters are different at P ≤ 0.05 (Newman-Keuls test). * C -EPG waveforms A, B and C, reflecting intercellular stylet penetration activities; E1 and E2 -EPG waveforms, reflecting salivation into and ingestion of phloem sap; G -EPG waveforms, reflecting ingestion of xylem sap. Table 5 . Results of multiple regression analysis of the differences of pea aphid development and feeding behaviour on studied alfalfa lines (n = 50). Only statistically significant variables are presented. analysis showed that the level of the phenolics mostly affected two factors, the aphid abundance and total peripheral tissue penetration. Abundance of the pea aphid was affected by total phenolic compounds and o-dihydroxyphenols (ANOVA, F 2,47 = 4.94, P = 0.011) which jointly explained 17% of variation in the numbers (Table 5 ). The determination coefficient of partial correlations was 13.6% for the amount of total phenolics, and 8.7% for the amount of o-dihydroxyphenols. Total peripheral tissue penetration was dependent only on the level of total phenolic compounds (ANOVA, F 1,48 = 4.13, P = 0.048), which explained 8% of variation in the total peripheral tissue penetration.
Discussion
The obtained results indicated that lower levels of total soluble phenolics within low-saponin lines of the alfalfa were accompanied by higher reproduction of the pea aphid. To date, the phenolics and saponins and especially their possible synergistic effect on the A. pisum aphid has not been extensively studied. Szynkarczyk et al. (2001) found a negative relation between saponin concentration and development of the pea aphid on alfalfa lines. Go lawska (2006) showed that abundance of the pea aphid on the alfalfa lines was negatively related to the content of total phenols. However, results presented here suggest that the adverse effect of the alfalfa on the pea aphid might be associated not only with level of the saponins, but also with the concentration of phenolics, since the pea aphid was most abundant on the low-saponin lines with low levels of phenolics compounds. The adverse effect of plant phenolics on other aphid species has been also reported earlier (Kjćr et al. 2001) . Cichocka et al. (1999) and Leszczynski (1999) showed that Aphis fabae Scopoli, 1763 feed on broad bean and Sitobion avenae F., 1775 occurred on winter wheat cultivars, rich in the ethanol soluble phenolics. Such a relationship was also observed for other aphid and fungs species, e.g., Botrytis cinerea Persoon ex. Fr, 1832, Macrosiphum rosae L., 1758 and Pemphigus bursarius L., 1758 (Cole 1984; Wurms et al. 2003) .
Aphid feeding deterrence has been demonstrated for a number of naturally occurring plant phenolics such as ellagic acid, ellagitanins, gallic acid and pyrogallol (Jones & Klocke 1987) . Methyl salicylate was found as a repellent for the spring morphs of Rhopalosiphum padi L., 1758 (Pettersson et al. 1994) . Eleftherianos et al. (2006) revealed an inverse correlation between the total concentration of plant total phenols in aphid-infested maize and barley plants. Similar relationships have also been observed for other aphid species, such as Metopolophium dirhodum Walker, 1849, Schizaphis graminum Rondani, 1852 and Diuraphis noxia Mordvilko, 1913 (Havlickowa 1995 , Ponder et al. 2000 Sandström et al. 2000) . Todd et al. (1971) and Dreyer & Jones (1981) in in vitro experiments showed that phenolic compounds exerted a negative influence on growth and reproduction of such aphid species as S. graminum and M. persicae. Jordens-Rotger (1979) showed that some of the phenolic and flavonoid compounds may in vitro repel or deter the black bean aphid from feeding. The results presented here indicated that feeding behaviour of the pea aphid was clearly different on the low-saponin alfalfa with varying phenolics concentrations. Probing of peripheral tissues was longer on the low-saponin lines with higher content of total phenolics compounds while phloem sap ingestion was much shorter. Thus, the aphids fed on the low-saponin lines containing less phenolics ingested the phloem sap much longer than those fed on lines with higher amounts of these xenobiotics.
Results of our earlier study showed that alfalfa lines affected growth, development, survival and feeding behaviour of the pea aphids ). Thus, it is possible that within alfalfa tissues, a synergistic effect of these two groups of the plant allelochemicals occurs. However, it is inadvisable to make such a strong statement, since a large variation in the phenolic contents of the studied low-saponin lines was found. To prove the hypothesis, an additional study including a wider range of the alfalfa with high levels of saponins is needed.
In summary, the data presented here imply that low-saponin lines with low levels of phenolic compounds are better hosts for the pea aphid. An earlier investigation showed that on good host-plants, aphids usually fed longer than on the inappropriate ones (Montlor et al. 1990) . Results presented here suggest that the phenolics compounds are likely to reduce the quality and quantity of the ingested food. This could result in lower fecundity and slower growth of the aphid population on low-saponin lines containing high levels of soluble phenolics. Thus, the level of the soluble phenolic compounds within the studied low-saponin lines might be an important factor of the alfalfa acceptance by the pea aphid.
